Introduction {#Sec1}
============

Ozonolysis of alkenes is an important step in atmospheric mechanisms that control the oxidative capacity of the atmosphere and the production of sulfuric acid and secondary organic aerosols that are important in climate models^[@CR1]--[@CR5]^.

The first step in ozonolysis is 1,3-dipolar cycloaddition of O~3~ to the alkene to produce a primary ozonide (POZ), which is a compound containing an O--O--O group. The POZs produced by ozonolysis of acyclic or exocyclic alkenes decompose to produce a carbonyl oxide---called a Criegee intermediate (CI)---and an aldehyde or ketone. The reaction is exothermic, and as a consequence the CI is produced hot^[@CR6]^, which is called chemical activation. Previous investigation has shown that hot *syn* CIs from cycloalkene ozonolysis mainly undergo a hydrogen shift reaction to produce a vinyl hydroperoxide^[@CR6]^, which decomposes to produce a hydroxyl radical; this mechanism is called the prompt OH mechanism. But a fraction of the CIs are collisionally thermalized, producing what are called stabilized CIs or SCIs. The SCIs may also undergo hydrogen shift reactions, but their longer life allows other reactions to compete, especially unimolecular rearrangement to dioxiranes and bimolecular reactions with a variety of atmospheric constituents, such as water, water dimers, SO~2~, or other acids^[@CR6]--[@CR13]^.

The POZs produced by ozonolysis of endocyclic alkenes produce bifunctional molecules containing both a carbonyl oxide group and a carbonyl group. They may also react by a hydrogen shift, a unimolecular rearrangement to produce a dioxirane, or by a bimolecular reaction, but they also have other possibilities such as intramolecular attack of the carbonyl oxide on the carbonyl, producing a secondary ozonide (SOZ), which is a compound containing an O--C--O--O group.

Direct detection of gaseous Criegee intermediates is mainly limited to small CIs^[@CR8]--[@CR16]^. Larger CIs capable of producing SOZs include those from ozonolysis of cyclic terpenes and terpenoids, which are volatile organic compounds with high biogenic concentrations in the atmosphere. Experimental data on the large Criegee intermediates are scarce. Here, we investigate the unimolecular reactions two large Criegee intermediates, namely C~5~H~8~O~3~ and C~6~H~10~O~3~, which have structural features that may be considered as prototypes for CIs produced by ozonolysis of cyclic terpenes. The hydrogen shift and dioxirane cyclization reactions are shown in Fig. [1](#Fig1){ref-type="fig"}, in which the reactions labeled Z are for *syn* species and those labeled E are for *anti*.Fig. 1Hydrogen shift and dioxirane cyclization reactions

In the present paper, we study reactions of SCIs, and we report reactions that in the *syn* case are much faster than the above hydrogen shift reactions that are used in standard mechanisms. In particular, we report that the bicyclic ring closure reactions as shown in Fig. [2](#Fig2){ref-type="fig"} are much faster than the hydrogen shift for the *syn* case and of comparable reaction rate to the dioxirane cyclization reaction for the *anti* case. We show here that these reactions are important when the Criegee intermediates have aldehyde functional groups, but they should probably also be important when they have other functional groups such as carboxylic acid functional groups. For example, monoterpenes^[@CR17]^ such as limonene, 2-carene, 3-carene, phellandrene, terpinene, and terpinolene have cyclic structures whose ozonolyisis leads to the formation of CHO and HCOO groups. The Criegee intermediates resulting from ozonolysis of unsaturated oxygenated organic compounds^[@CR18]^ such as unsaturated aldehydes^[@CR19]^ and fatty acids^[@CR20]^ may also contain other groups.Fig. 2Bicyclic ring closure reactions

Results {#Sec2}
=======

General remarks {#Sec3}
---------------

The importance of including multiple torsions and multiple transition states in reactions of large molecules has been emphasized previously^[@CR21],[@CR22]^. In the present work we employ multistructural variational transition state theory^[@CR22]^ to include all rotamer structures in our rate calculations; further details of the kinetics methods are given in the Methods section.

Although we use standard notation, it is worthwhile to review some definitions since some readers may not know them. The classical barrier height is the difference in Born--Oppenheimer potential energy between the conventional transition structure (saddle point) and the equilibrium reactant. When we give enthalpies of activation in this article, they are the values calculated by conventional transition state theory in which the transition state is located at the saddle point, and they are for 0 K; thus we label these quantities at $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta H_0^\ddagger$$\end{document}$, and they are equal to the classical barrier height plus the zero-point energy of the transition structure minus the zero-point energy of the reactant. Activation energies are temperature-dependent and are defined in terms of Arrhenius plots as −*R*dln*k*/d(1/*T*), where *R* is the gas constant, *k* is the rate constant, and *T* is the temperature.

Large Criegee intermediates have many conformational structures, for example, *syn*-C~6~H~10~O has 112 structures and the transition state of E-6c-TS has 182 distinguishable structures. The numbers of structures for other species (reactants and transition states) are given in the [Supplementary Information](#MOESM1){ref-type="media"}. Multiple structures are a form of anharmonicity since a harmonic potential leads to only a single structure. Our kinetics calculations include all distinguishable structures and the anharmonicity that they generate; we use the MS-T method^[@CR23]^ to treat the multiple-structure anharmonicity, torsional-potential anharmonicity, and vibration--rotation coupling. The effect of these anharmonicities on the reaction rates is shown in Supplementary Table [6](#MOESM1){ref-type="media"}; over the 190--298 K temperature range, it varies from a factor of 0.025 to a factor of 0.74 for the bicyclic ring closure reactions, which corresponds to decreasing the rate by as much as a factor of 40 as compared to the quasiharmonic approximation. The effects on the rate are smaller---but not negligible---for the other kinds of reaction, varying between factors of 0.55 and 1.57 for the hydrogen shift reactions and between factors of 0.27 and 1.28 for dioxirane cyclization reactions. In the rest of the discussion, with one exception (Z-5hs-TS2, which is explained below), we discuss only the lowest-energy structure of each species.

The unimolecular reactions of *syn*-C~5~H~8~O~3~ {#Sec4}
------------------------------------------------

The bicyclic ring closure reaction we find for *syn*-C~5~H~8~O~3~ is labeled above as Z-5rc and is shown Fig. [3](#Fig3){ref-type="fig"}, which also shows the enthalpy profile at 0 K (i.e., the summation of electronic energy and the zero-point vibrational energy) computed by CCSD(T)-F12a/jun-cc-pVTZ based on MN15-L/MG3S geometries. The reaction is analogous to the bimolecular reaction of CH~2~OO with HCHO^[@CR24]^. The previous assumption would have been that the dominant unimolecular reaction of this *syn*-Criegee intermediates would be the 1,4-hydrogen shift process that we have labeled Z-5hs, which is also shown in Fig. [3](#Fig3){ref-type="fig"}. The transition states for the hydrogen shift reactions have both an equatorial structure and an axial structure: Z-5hs-TS1 (shown in Fig. [3](#Fig3){ref-type="fig"}) and Z-5hs-TS2 (shown in Supplementary Fig. [1](#MOESM1){ref-type="media"}). The equatorial structure has a lower energy.Fig. 3The calculated enthalpy profile of *syn*-C~5~H~8~O~3~

The bicyclic ring closure reaction involves the concerted formation of two bonds; it involves binding of the carbonyl carbon atom of the CHO group to the terminal oxygen atom of the HCOO group and binding of the carbonyl oxygen atom of the HCO group to the carbon atom of the HCOO group. This process is similar to the unimolecular reactions of other Criegee intermediates in the ozonolysis of isoprene and β-myrcene^[@CR25]--[@CR27]^, where the HCOO group attacks the C=C double bond. However, the enthalpies of activation at 0 K are above 10 kcal/mol for the similar unimolecular reactions of the HCOO group with the C=C group;^[@CR25]--[@CR29]^ this is also qualitatively consistent with the corresponding CH~2~OO+HCHO and CH~2~OO+C~2~H~4~ reactions, where the enthalpy of activation at 0 K for the CH~2~OO+C~2~H~4~ reaction is higher than that of the CH~2~OO+HCHO reaction^[@CR24],[@CR30]^. There are two different transition state structures for SOZ formation in *syn*-C~5~H~8~O~3~ (see Supplementary Fig. [2](#MOESM1){ref-type="media"}). Here, we only consider the lowest transition state Z-5rc-TS because Z-5rc-TS is 3.37 kcal/mol lower than Z-5rc-TS1 (see Supplementary Fig. [2](#MOESM1){ref-type="media"}). The two C--O bond distances of the new bonds at the transition state (Z-5rc-TS) are respectively 2.11 and 2.15 Å, which may be compared to values of 1.45 and 1.42 Å in the product.

Table [1](#Tab1){ref-type="table"} shows that the enthalpy of activation (all enthalpies of reaction and enthalpies of activation in the text are given for 0 K to illustrate the energetics in the well-defined low-temperature limit, but the results are similar at atmospheric temperatures;  activation energies at atmospheric temperatures are given in the [SI](#MOESM1){ref-type="media"}) for the SOZ-forming bicyclic ring closure as calculated by CCSD(T)-F12a/jun-cc-pVTZ//MN15-L/MG3S is 2.27 kcal/mol (see Table [1](#Tab1){ref-type="table"}) and that this is lower than that of the hydrogen shift process by about 14.5 kcal/mol (i.e., 16.73−2.27). Moreover, Fig. [3](#Fig3){ref-type="fig"} shows that the product Z-5rc-P of the bicyclic ring closure reaction is much more stable than the product Z-5hs-P1 of the hydrogen shift reaction because the enthalpy of reaction for Z-5rc is 18.4 kcal/mol lower (i.e., 33.17−14.81). The present finding is different from the previously reported results which indicated a low barrier for SOZ formation only for the case of six carbons in the product ring^[@CR31],[@CR44]^.Table 1The enthalpies of activation (kcal/mol) at 0 K of the unimolecular reactionsMethodZ-5rc-TSZ-5hs-TS1Z-5hs-TS2E-5rc-TSE-5c-TSPost-CCSD(T) approximation  WMS^a^2.4716.5521.5114.1313.97Approximations to CCSD(T)/CBS  W2X^a^2.4516.4621.3114.1513.82  CCSD(T)-F12a/jun-cc-pVTZ^a^2.2716.7321.3313.7413.73Methods affordable for direct dynamics MN15-L/MG3S2.8318.2821.9013.1914.95 MN15-L/maug-cc-pVTZ2.3317.4921.3312.8314.60Z-6rc-TSZ-6hs-TS1Z-6hs-TS2E-6rc-TSE-6c-TSWMS^a^2.0516.1318.525.1114.72CCSD(T)-F12a/jun-cc-pVTZ^a^1.4715.8318.334.8214.36MN15-L/MG3S2.7316.5419.545.7014.35MN15-L/maug-cc-pVTZ2.7216.0318.935.3314.18^a^Geometry optimization and frequency calculation at the MN15-L/MG3S level followed by a single-point energy calculation with the indicated method

To further check the reliability of the CCSD(T) enthalpy of activation, we performed two higher-order calculations, and the results of these are shown in Table [1](#Tab1){ref-type="table"}. The quite different very-high-level W2X^[@CR32]^ and WMS^[@CR33]^ methods almost give identical results for Z-5rc; this shows it is not required to carry out post-CCSD(T) calculations on the bicyclic ring closure reaction of the large-sized Criegee intermediate *syn*-C~5~H~8~O~3~, and the good agreement of activation enthalpies in Table [1](#Tab1){ref-type="table"} shows that we can trust the CCSD(T) calculation for further studies. A further indication that post-CCSD(T) theory is not needed is that the \[*E*(CCSDT(Q))−*E*(CCSD(T))\] contribution to the Z-5rc barrier height calculated with the VDZ(d)^[@CR32]^ basis is only 0.07 kcal/mol (Supplementary Table [1](#MOESM1){ref-type="media"}).

The WMS, W2X, and CCSD(T) calculations in Table [1](#Tab1){ref-type="table"} are too expensive for direct dynamics calculations. We selected the MN15-L density functional for the present work because of its good performance demonstrated previously for strongly correlated systems and barrier heights^[@CR34]^ and based on its successful use in our previous investigations of small Criegee intermediates^[@CR35],[@CR36]^. The results in Table [1](#Tab1){ref-type="table"} then provide further confirmation of its usefulness for the present problem. In particular, the MN15-L/MG3S and MN15-L/maug-cc-pVTZ density functional calculations provide enthalpies of activation of respectively 2.8 and 2.3 kcal/mol for Z-5rc, in good agreement with the high-level WMS value of 2.5 kcal/mol; this shows more specifically that MN15-L/MG3S can provide useful results for describing the bicyclic ring closure reactions of Criegee intermediates. This is important because MN15-L is less expensive and can be used for full rate constant calculations. Thus, MN15-L/MG3S is selected for the direct dynamics components of our rate constant calculations.

The unimolecular reactions of *anti*-C~5~H~8~O~3~ {#Sec5}
-------------------------------------------------

The enthalpy of activation for isomerization of *anti*-C~5~H~8~O~3~ to *syn*-C~5~H~8~O~3~ is 35.43 kcal/mol as shown in Supplementary Fig. [3](#MOESM1){ref-type="media"}. The isomerization mechanism between *anti*-C~5~H~8~O~3~ and *syn*-C~5~H~8~O~3~ is expected to be similar to that in small-sized Criegee intermediates^[@CR28],[@CR35],[@CR37]^. Thus, *syn*-C~5~H~8~O~3~ and *anti*-C~5~H~8~O~3~ act as independent reactants.

A bicyclic ring closure reaction is also found for *anti*-C~5~H~8~O~3~, as seen in Fig. [4](#Fig4){ref-type="fig"} (which also shows the enthalpy profile at 0 K computed by CCSD(T)-F12a/jun-cc-pVTZ//MN15-L/MG3S); however, it has a much higher barrier in this case. Furthermore, there is only one transition state structure for SOZ formation in *anti*-C~5~H~8~O~3~. Table [1](#Tab1){ref-type="table"} shows that that the enthalpies of activation for E-5rc and E-5c are both calculated to be 13.7 kcal/mol; this indicates that the E-5rc reaction, although not dominant, should not be neglected in computing the removal rate of *anti*-C~5~H~8~O~3~.Fig. 4The calculated enthalpy profile of *anti*-C~5~H~8~O~3~ by CCSD(T)-F12a/jun-cc-pVTZ

The unimolecular reactions of *syn*-C~6~H~10~O~3~ and *anti*-C~6~H~10~O~3~ {#Sec6}
--------------------------------------------------------------------------

We also investigate the *syn*- and *anti*-Criegee intermediates from the ozonolysis of cyclic C~6~H~10~. Supplementary Figure [4](#MOESM1){ref-type="media"} shows that the dominant reaction pathway of *syn*-C~6~H~10~O~3~ is similar to the unimolecular reaction of *syn*-C~5~H~8~O~3~. The activation enthalpy for Z-6rc is calculated to be 1.5 kcal/mol by CCSD(T)-F12a/jun-cc-pVTZ//MN15-L/MG3S, which is about 14.4 kcal/mol lower than that of the previously suggested^[@CR38]^ hydrogen transfer shift Z-6hs-TS1 in Table [1](#Tab1){ref-type="table"}; this means that this pathway is much faster than that of the hydrogen shift. However, the previous theoretical results reported a much higher barrier of 5.1 (ref. ^[@CR6]^) or 8.5 kcal/mol^[@CR39]^ for the bicyclic ring closure reactions of *syn*-C~6~H~8~O~3~. A key issue in this discrepancy is that one must find the lowest-energy transition state, and there are four different transition state structures for SOZ formation from *syn*-C~6~H~10~O~3~ (see Supplementary Fig. [5](#MOESM1){ref-type="media"}) and two different transition state structures for the bicyclic ring closure reaction in *syn*-C~5~H~8~O~3~; this situation occurs because each of the two central CH~2~ groups in *syn*-C~6~H~10~O~3~ has two different pathways leading to SOZ formation; in comparison, the one central CH~2~ group in *syn*-C~5~H~8~O~3~ leads to two pathways. This example illustrates how there are more transition state structures for SOZ formation and how one locates more transition state structures when the carbon chain becomes longer. The lowest-energy transition state Z-6rc-TS is considered here because the CCSD(T)-F12a/jun-cc-pVTZ//MN15-L/MG3S calculations indicate that it is 1.97 kcal/mol lower than the second lowest structure, 3.89 kcal/mol lower than the third lowest structure, and 7.68 kcal/mol lower than the fourth lowest structure (see Supplementary Fig. [5](#MOESM1){ref-type="media"}).

The enthalpy of activation for isomerization of *syn*-C~6~H~10~O~3~ to *anti*-C~6~H~10~O~3~ is 37.37 kcal/mol (see Supplementary Fig. [6](#MOESM1){ref-type="media"}); this shows that *syn*-C~6~H~10~O~3~ and *anti*-C~6~H~10~O~3~ can be considered to be independent reactants.

For *anti*-C~6~H~10~O~3~, there are two different transition state structures for SOZ formation (see Supplementary Fig. [7](#MOESM1){ref-type="media"}). We consider E-6rc-TS because E-6rc-TS is 3.41 kcal/mol lower than E-6rc-TS1 (see Supplementary Fig. [7](#MOESM1){ref-type="media"}). Table [1](#Tab1){ref-type="table"} and Supplementary Fig. [8](#MOESM1){ref-type="media"} show an enthalpy of activation of 4.8 kcal/mol for bicyclic ring closure E-6rc, which is 9.5 kcal/mol lower than that of the dioxirane cyclization process E-6c-TS. The enthalpy of activation at 0 K for E-6rc is about 9 kcal/mol lower than that of E-5rc because of different chain strain between C~5~ and C~6~ Criegee intermediates. Thus, for the C~6~ case, this reaction dominates the previously known reactions for both *syn* and *anti*.

Cyclic C~6~H~10~ represents the skeleton of monoterpenes such as limonene, 2-carene, 3-carene, phellandrene, terpinene, and terpinolene^[@CR17]^. Therefore, the present conclusions are expected to be important for the monoterpenes; however, the SOZ-forming bicyclic ring closure was previously only included in the atmospheric modeling of the ozonolysis of β-caryophyllene^[@CR40]^.

Kinetics {#Sec7}
--------

The calculated rate constants are given in Table [2](#Tab2){ref-type="table"} and Supplementary Table [3](#MOESM1){ref-type="media"}. The unimolecular rate constants were fitted using the following formula:$$\documentclass[12pt]{minimal}
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                \begin{document}$$k = A\left( {\frac{{T + T_0}}{{300}}} \right)^n{\mathrm{exp}}\left[ { - \frac{{{\mathrm{E}}(T + T_0)}}{{R(T^2 + T_0^2)}}} \right].$$\end{document}$$Table 2The calculated rate constants (s^-1^) of the unimolecular reactions200 K220 K240 K260 K280 K298 KZ-5rc1.8 × 10^9^2.7 × 10^9^3.9 × 10^9^5.1 × 10^9^6.3 × 10^9^7.1 × 10^9^Z-5hs5.2 × 10^0^1.7 × 10^1^5.7 × 10^1^1.9 × 10^2^6.2 × 10^2^1.7 × 10^3^E-5rc1.8 × 10^−5^3.9 × 10^−4^4.8 × 10^−3^3.9 × 10^−2^2.3 × 10^−1^9.0 × 10^−1^E-5c1.6 × 10^−3^4.0 × 10^−2^5.8 × 10^−1^5.7 × 10^0^4.1 × 10^1^1.9 × 10^2^Z-6rc2.4 × 10^8^2.8 × 10^8^3.0 × 10^8^3.2 × 10^8^3.2 × 10^8^3.2 × 10^8^Z-6hs9.0 × 10^0^2.2 × 10^1^5.5 × 10^1^1.4 × 10^2^3.4 × 10^2^7.9 × 10^2^E-6rc1.4 × 10^6^3.6 × 10^6^7.6 × 10^6^1.3 × 10^7^1.9 × 10^7^2.4 × 10^7^E-6c7.4 × 10^−4^2.0 × 10^−2^3.0 × 10^−1^2.8 × 10^0^1.8 × 10^1^7.8 × 10^1^

The fitted parameters are provided in Supplementary Table [4](#MOESM1){ref-type="media"}. Table [2](#Tab2){ref-type="table"} shows that the SOZ-forming bicyclic ring closures Z-5rc and Z-6rc of *syn*-C~5~H~8~O~3~ and C~6~H~10~O~3~ are about 10^5^--10^9^ times faster than the previously suggested hydrogen transfer process (Z-5hs and Z-6hs) and the SOZ-forming bicyclic ring closure E-6rc is about 10^6^--10^8^ times faster than the previously suggested dioxirane cyclization reaction.

Supplementary Table [5](#MOESM1){ref-type="media"} gives the temperature-dependent activation energies *E*~a~ (computed as local slopes of Arrhenius plots^[@CR41]^). Over the atmospherically relevant temperature range 190--298 K, the activation energies for the ring closure reactions increase as the temperature is lowered; for example, *E*~a~ for Z-5rc increases from 1.1 to 2.0 kcal/mol.

In Table [2](#Tab2){ref-type="table"}, the rate constants of Z-5rc are much faster than those of Z-6rc, while the enthalpies of activation for Z-5rc at 0 K is 0.42 kcal/mol higher than that of Z-6rc calculated by WMS (Table [1](#Tab1){ref-type="table"}); this is mainly caused by the torsional anharmonicity (see Supplementary Table [6](#MOESM1){ref-type="media"}). For example, torsional anharmonicity decreases the rate constant at 298 K by a factor of 2 for Z-5rc and by a factor of 40 for Z-6rc. Therefore, the torsional anharmonicity can play important roles in determining the kinetics of bicyclic ring closure reactions of Criegee intermediates, and this conclusion extends to large systems as well as the present systems.

Implications for atmospheric chemistry {#Sec8}
--------------------------------------

Although SOZ formation is well known in the literature^[@CR6],[@CR31],[@CR38]--[@CR40],[@CR42]--[@CR44]^ and previous investigation indicated that SOZ formation dominates over the hydrogen shift for the *syn* SCI from cycloalkenes ozonlysis^[@CR6]^, the rates of reaction of large SCIs are unclear in previous work because of the different barrier heights for SOZ formation reported in the literature for the same Criegee intermediate. In particular, the barrier height was reported to be 5.1 (ref. ^[@CR6]^) or 8.5 (ref. ^[@CR39]^) kcal/mol for secondary ozonide formation in the *syn*-Criegee intermediate from cyclohexene ozonolysis. The primary objective of the present article was to provide data on the reaction rates for producing SOZs in gas-phase reactions of SCIs. The present calculations are for collisonally stabilized reactants, and we note that pressure-dependent kinetics calculations not reported here would be required to to fully understand and predict the extent of collisional stabilization of these large Criegee intermediates; future work to study this could be carried out using master equation simulations^[@CR45]^ or the system-specific quantum Rice--Ramsperger--Kassel model^[@CR46]^.

Unimolecular reactions of small Criegee intermediates, such as CH~2~OO^[@CR35],[@CR47]--[@CR49]^ *syn* and *anti*-CH~3~CHOO^[@CR35],[@CR37],[@CR50],[@CR51]^ (CH~3~)~2~COO^[@CR36],[@CR52]^ and *syn*/*anti*-C~2~H~5~CHOO^[@CR28],[@CR29]^, were previously investigated by using both theoretical and experimental methods. The generally accepted view from these studies is that *syn-*Criegee intermediates react mainly by hydrogen shift (hs) reactions. Hydrogen shift reactions of Criegee intermediates from a methyl or ethyl group to the terminal oxygen atom are especially important because they lead to the formation of OH radical^[@CR11],[@CR36],[@CR50],[@CR51],[@CR53]^ and can be the initial step for the formation of highly oxygenated molecules, which make a significant contribution to the formation of atmospheric organic aerosols^[@CR54],[@CR55]^. The dominant pathway of small *anti*-Criegee intermediates is usually assumed to be cyclization (c) to a dioxirane^.[@CR35],[@CR37]^ The enthalpies of activation of the unimolecular reactions of small Criegee intermediates are in the range between 15 and 30 kcal/mol^[@CR35]--[@CR37]^; this implies that the unimolecular reactions of small Criegee intermediates such as CH~2~OO and *anti*-CH~3~CHOO cannot compete well with bimolecular reaction with water, water dimer, SO~2~, or atmospheric acids^[@CR10],[@CR35],[@CR56]^.

The bicyclic ring closure reactions that we report here are important for understanding the atmospheric lifetimes of large Criegee intermediates---not only for those from the ozonolysis of C~5~H~8~ and C~6~H~10~ but also for a wider class of compounds. While previous experimental and theoretical results have suggested that secondary ozonides (SOZ) are formed by unimolecular reactions in the ozonolysis of cycloalkenes^[@CR6],[@CR40]^, the dominant pathways are generally assumed to be the same as those for the small Criegee intermediates. For example, recent studies of the ozonolysis of limonene, α-pinene, other monoterpenes, and indene included the hydrogen shift reaction as the only unimolecular step in the mechanisms^[@CR57]--[@CR59]^. Since the structural features of large Criegee intermediates can be quite different from those of small Criegee intermediates, it is important to understand whether they react by different mechanisms.

Previous investigations have shown that the unimolecular reactions of the simple Criegee intermediates occurring via hydrogen shifts lead to the formation of OH radical via the decomposition of -OOH groups^[@CR11],[@CR50],[@CR51],[@CR53]^. However, our calculated results show that the unimolecular reactions of larger *syn*-Criegee intermediates from the ozonolysis of C~5~H~8~ and C~6~H~10~ predominantly undergo reactions in which no −OOH group is formed. Thus, the reactions limit OH production in the ozonolysis of C~5~H~8~ and C~6~H~10~; this further leads to the reduction of the oxidation capacity of the corresponding Criegee intermediates from cyclic C~6~ structures.

The reaction in three of the Criegee intermediates (*syn*-C~5~H~8~O~3~, *syn*/*anti*-C~6~H~10~O~3~) is so fast that the atmospheric lifetimes of three Criegee intermediates are much less than 10^−5^ s. However, the atmospheric lifetimes associated with the corresponding bimolecular reactions such as reactions with SO~2~, H~2~O, water dimer, and other atmospheric acids are often more than 10^−3^ s^[@CR56]^. We conclude that large Criegee intermediates that are produced by ozonolysis do not act as potential oxidants to oxidize SO~2~ to SO~3~. This is especially important for monoterpenes with structural features similar to C~6~H~10.~

The formation of highly oxidized molecules and radicals in the ozonolysis of cyclic monoterpenes plays a significant role in atmospheric organic aerosol formation^[@CR55]^. Experimental results have shown that highly oxidized molecules and radicals can be formed in the ozonolysis of cyclohexene and limonene^[@CR38],[@CR57]^. However, our results presented here clearly show that the dominant sink of *syn*- and *anti*-Criegee intermediates from six-carbon-atom cyclic monoterpenes is not the hydrogen shift mechanism as suggested in the literature; ^[@CR38],[@CR57]^ Thus, the present investigation upsets one aspect of conventional thinking about the formation of highly oxidized molecules and radicals.

The reactions studied here are important in illustrating a more general phenomenon, namely that large Criegee intermediates may have lower energy unimolecular pathways that are analogous to the known bimolecular reactions of Criegee intermediates. For example, the ozonolysis of fatty acids^[@CR20]^ can lead to Criegee intermediates with an COOH group, and these could react by a mechanism similar to the bimolecular reaction of Criegee intermediates with atmospheric acids with barrierless reactions^[@CR60],[@CR61]^. Thus, the present results stimulate one to consider faster unimolecular reaction mechanisms of large Criegee intermediates.

Summary {#Sec9}
-------

In the unimolecular reactions of Criegee intermediates, the accepted reaction mechanisms are hydrogen shifts and dioxirane cyclization. Here, we used electronic structure calculations and multistructural variational transition state theory with small-curvature tunneling to explore unimolecular reactions of large-sized stabilized Criegee intermediates produced in the ozonolysis of cyclic monoterpenes. We find that multistructural effects are important for determining the barrier heights and torsion anharmonicity.

For large *syn*-Criegee intermediates from the ozonolysis of cyclic monoterpenes, we find a mechanism involving unimolecular reactions with enthalpies of activation about 2--3 kcal/mol. We find that the unimolecular rate constants of the processes are 10^6^--10^9^ s^−1^ in the temperature range between 190 and 298 K. We find for *syn-*Criegee intermediates that a low-energy path for internal SOZ formation is available even with only five carbons in the product ring, whereas previous work^[@CR44]^ incorrectly indicated that a minimum of six carbons is required.

We conclude that unexpectedly fast unimolecular reactions of Criegee intermediates significantly limit the oxidation capacity of Criegee intermediates, and we suggest that the reaction types with low-energy barriers as reported here should be widespread.
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Rate constants (*k*) were calculated by a dual-level approximation:$$\documentclass[12pt]{minimal}
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                \begin{document}$$k = \frac{{\exp \left[ { - V_{{\mathrm{L}}2}^\ddagger /RT} \right]}}{{\exp \left[ { - V_{{\mathrm{L}}1}^\ddagger /RT} \right]}}k_{{\mathrm{L1}}}^{{\mathrm{MS - CVT/SCT}}}(T),$$\end{document}$$where level 1 (L1) of electronic structure employs the MN15-L local meta exchange-correlation functional^[@CR34]^ with the MG3S basis set^[@CR62]^, level 2 (L2) employs WMS, $\documentclass[12pt]{minimal}
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                \begin{document}$$V^\ddagger$$\end{document}$ is the classical barrier height, *R* is the gas constant, *T* is the temperature, and MS-CVT/SCT is multistructural^[@CR63]^ canonical variational theory^[@CR64],[@CR65]^ with small-curvature tunneling^[@CR66]^.

The conformational structures of the reactants and transition states were calculated by multistructural method with coupled torsional-potential anharmonicity (MS-T)^[@CR23]^. The frequencies were scaled by the factor of 0.973 for MN15-L/MG3S as obtained in a standard way^[@CR67]^ to account for vibrational anharmonicity and systematic errors in the electronic structure.
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Our previous investigations have shown that the MN15-L functional can provide useful accuracy for the unimolecular reactions of small and medium-sized Criegee intermediates^[@CR35],[@CR36]^. Our previous work also showed that obtaining quantitative rate constants for the unimolecular reactions of Criegee intermediates requires calculations beyond CCSD(T)^[@CR35],[@CR36]^, but here we employ very-high-level calculations to show that CCSD(T) is sufficient for the low-energy pathways identified in this work. In addition, the composite methods WMS and W2X were used to do single-point calculations to show the reliability of the method chosen for direct dynamics. Even without the dynamics calculations, these high-level calculations of barrier heights would already show the importance of the bicyclic ring closure reactions.

It is impossible to put quantitative error bars on the electronic structure and rate constant calculations, but some discussion of reliability may be useful. Based on previous work, the uncertainties in the rate constant calculations are expected to be dominated by the electronic structure calculations rather than the errors in the dynamical parts of the calculations^[@CR68]^. In electronic structure calculations, there are three factors to be considered: optimized geometries, vibrational frequencies, and single-point electronic energies^[@CR69]^. In a previous paper, we have shown good agreement of CCSD(T) and MN15-L for optimized geometries and zero-point vibrational energies on similar systems^[@CR35]^. Based on these tests and the previous work showing MN15-L is able to yield reasonably accurate vibrational frequencies^[@CR34]^, the error of the electronic structure calculations is most likely not dominated by geometry errors or frequency errors. Previous experience with the methods used here indicates that the single-point electronic energies have typical errors of 1 kcal/mol or less^[@CR32],[@CR34],[@CR70]^; this would cause errors in 300 K rate constants of a factor of 5 or less. This is consistent with previous work where we found that MN15-L yielded rate constants only a factor of 2 different from experimental results for the hydrogen shift of *syn*-CH~3~CHOO^[@CR35]^, and it provided results consistent with experimental data in the hydrogen shift of (CH~3~)~2~COO^[@CR36]^
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